Psychostimulant-induced alteration of dendritic spines on dopaminoceptive neurons in nucleus accumbens (NAcc) has been hypothesized as an adaptive neuronal response that is linked to longlasting addictive behaviors. NAcc is largely composed of two distinct subpopulations of medium-sized spiny neurons expressing high levels of either dopamine D1 or D2 receptors. In the present study, we analyzed dendritic spine density after chronic cocaine treatment in distinct D1 or D2 receptor-containing medium-sized spiny neurons in NAcc. These studies made use of transgenic mice that expressed EGFP under the control of either the D1 or D2 receptor promoter (Drd1-EGFP or Drd2-EGFP). After 28 days of cocaine treatment and 2 days of withdrawal, spine density increased in both Drd1-EGFP-and Drd2-EGFP-positive neurons. However, the increase in spine density was maintained only in Drd1-EGFP-positive neurons 30 days after drug withdrawal. Notably, increased ⌬FosB expression also was observed in Drd1-EGFP-and Drd2-EGFP-positive neurons after 2 days of drug withdrawal but only in Drd1-EGFP-positive neurons after 30 days of drug withdrawal. These results suggest that the increased spine density observed after chronic cocaine treatment is stable only in D1-receptor-containing neurons and that ⌬FosB expression is associated with the formation and͞or the maintenance of dendritic spines in D1 as well as D2 receptor-containing neurons in NAcc.
T
he mesolimbic dopaminergic pathway is composed of neurons in the ventral tegmental area that innervate the nucleus accumbens (NAcc), olfactory tubercle, prefrontal cortex, and amygdala (1) , whereas nigrostriatal dopaminergic neurons in the substantia nigra (pars compacta) provide an ascending projection to dorsal striatum (2) . Psychostimulants elevate synaptic concentrations of dopamine in NAcc: cocaine, by blocking dopamine uptake from the synaptic cleft, and amphetamine, by promoting dopamine release from nerve terminals (3) (4) (5) . Repeated, intermittent administration of psychostimulants results in augmented behavioral responses (sensitization) to the acute stimulatory effects of these drugs (6) (7) (8) . Most lines of evidence suggest that adaptive changes in the ventral tegmental areaNAcc dopaminergic system are central to alterations in the experience-dependent plasticity that underlies drug-induced behavior.
In addition to dopamine, glutamate is required for the development of behavioral sensitization in response to psychostimulants (9, 10) . Medium-sized spiny neurons (MSNs) in ventral striatum receive excitatory glutamatergic projections from prefrontal cortex that synapse onto the heads of dendritic spines. MSNs also are the major target for dopaminergic axons that synapse onto spine necks (1, 11, 12) . Therefore, dendritic spines in MSNs represent the cellular compartment where dopaminergic and glutamatergic transmission are initially integrated. Dopamine acts on two major receptor subfamilies, the D1 subfamily (D1 and D5 subtypes) and the D2 subfamily (D2, D3, and D4 subtypes) (13) . In dorsal striatum, anatomical studies have shown that striatonigral MSNs contain high levels of D1 receptors (together with substance P and dynorphin), whereas striatopallidal MSNs predominantly express D2 receptors (together with enkephalin) (14) (15) (16) (17) . The projections from NAcc are more complex than in dorsal striatum, with the shell and core parts of the NAcc projecting to distinct subregions of the ventral pallidum and to the ventral tegmental area and substantia nigra (18) . Whereas D2 receptors and enkephalin are highly expressed in projections to the ventral pallidum, D1 receptors and substance P are found equally distributed in projections to ventral pallidum and ventral tegmental area (19) . Studies of agonists and antagonists selective for D1 or D2 receptors showed that both D1 and D2 receptors are required for psychostimulantdependent behavioral changes (20) (21) (22) (23) (24) (25) . However, the roles of these receptors appear to be different. For example, stimulation of D1 receptors attenuates cocaine seeking induced by cocaine priming injections and cocaine-related environmental cues, whereas stimulation of D2 receptors facilitates cocaine-induced reinstatement (26) (27) (28) .
The behavioral abnormalities associated with psychostimulant addiction are extremely long-lived. Therefore, there has been considerable interest in identifying long-lasting drug-induced changes at the molecular and structural level in neuronal circuits regulated by dopamine and glutamate (29) (30) (31) (32) . Notably, longterm exposure to cocaine or amphetamine has been found to increase the number of dendritic branch points and spines of MSNs in NAcc (33) (34) (35) . These structural changes have been shown to persist for up to Ϸ1-3.5 months after the last drug exposure (30, 35) and have been suggested to underlie longlasting alterations in synaptic plasticity associated with psychostimulant exposure.
The goal of the present study was to examine cocaine-induced structural alterations of dendritic spines in subpopulations of accumbal MSNs that express either D1 or D2 receptors. In these studies, we have used bacterial artificial chromosome (BAC) transgenic mice that express EGFP under the control of either the D1 (Drd1-EGFP) or D2 (Drd2-EGFP) dopamine receptor promoter (36) . The results indicate that, although increased spine density initially occurs in D1 receptor-containing MSNs and D2 receptor-containing MSNs, the altered spine density is stable only in D1 receptor-containing neurons. Moreover, we find similar changes in the expression of the transcription factor ⌬FosB, suggesting that ⌬FosB may be involved in the formation and͞or maintenance of dendritic spines in D1 as well as D2 receptor-containing neurons in NAcc.
Results

Analysis of MSNs in Drd1-EGFP and Drd2-EGFP BAC Transgenic Mice.
The projection pattern of MSNs from dorsal and ventral striatum in Drd1-EGFP or Drd2-EGFP BAC transgenic mice has been characterized through analysis of GFP expression (36) . The differential expression of GFP in MSNs of dorsal striatum corresponds generally to that of endogenous D1 or D2 receptors, respectively (36) . We further analyzed differential expression of GFP in NAcc in Drd1-EGFP or Drd2-EGFP mice ( Fig. 1 a and  b) . Although Ϸ58% of neurons in NAcc expressed GFP in Drd1-EGFP mice (Fig. 1a) , Ϸ48% of neurons in NAcc expressed GFP in Drd-2-EGFP mice (Fig. 1b) . MSNs represent 90-95% of all neurons in NAcc (12, 37) . D1 receptors are expressed only in MSNs, and D2 receptors are expressed in MSNs and in cholinergic interneurons, which represent 1-3% of striatal neurons (37) . Taking these factors into account, the results suggest that, minimally, Ϸ10-15% of MSNs in NAcc are likely to express both D1 and D2 receptors.
Analysis of Dendritic Spines in Drd1-EGFP and Drd2-EGFP Mice. GFP expression in the Drd1-EGFP and Drd2-EGFP mice was useful to stain neuronal cell bodies. However, the GFP signal in dendrites and dendritic spines was too weak to allow their analysis after immunostaining with anti-GFP antibodies. Particle-mediated ballistic delivery of fluorescent dyes has recently been used to label neuronal populations in a rapid and efficient manner (38) . Entire neurons can be labeled using this technique, and the method appears to be comparable to Golgi-Cox staining. To analyze the dendritic morphology of neurons in NAcc, fixed accumbal slices were labeled with the lipophilic fluorescence dye 1,1Ј-diotadecyl-3,3,3Ј,3Ј-tetramethylindocarbocyanine perchlorate (DiI) by using a gene gun. An example of a DiI-stained MSN is shown in Fig. 1c . Under the conditions used, we generally observed labeled neurons without any overlapping dendrites from other labeled neurons. At higher magnification, detailed dendritic morphology, including dendritic spines, could be observed (Fig. 1d) .
We then used a combination of DiI labeling and immunohistochemistry for GFP in either Drd1-EGFP or Drd2-EGFP transgenic mice, which was made possible by using a low concentration of detergent for tissue permeabilization (see Methods). Through careful comparison of the DiI stain and GFP expression in the cell bodies of MSNs, we could identify DiI-and GFP-positive or DiI-positive and GFP-negative neurons in Drd1-EGFP (Fig. 2a) or Drd2-EGFP (Fig. 2b) mice. For the following studies, we analyzed dendritic morphology in only DiIand GFP-positive neurons from Drd1-EGFP or Drd2-EGFP mice.
Chronic Cocaine Treatment Results in Increased Spine Density in
Accumbal MSNs Expressing Either Drd1-EGFP or Drd2-EGFP. Drd1-EGFP or Drd2-EGFP mice were injected repeatedly with cocaine (30 mg͞kg) or saline for four consecutive weeks (see Methods). Two days (2WD) or 30 days (30WD) after the last drug treatment, brains were processed for DiI labeling and immunohistochemistry as described above. A previous study reported that chronic treatment with amphetamine increased spine density on distal but not proximal dendrites of MSNs in NAcc (35) . We therefore limited our analysis to distal dendrites (i.e., those with second-or third-order branches), including terminal regions. When analyzed at 2WD, spine density was found to increase in Drd1-EGFP-positive MSNs (128% of saline group) (Fig. 3 a and c) and to a lesser extent in Drd2-EGFP-positive neurons (115% of saline group) ( Fig. 3 b and d) . After 30WD, increased spine density was maintained in Drd1-EGFP-positive neurons (118% of saline control) (Fig. 3 a and c) but not in Drd2-EGFP-positive neurons ( Fig. 3 b and d) .
The morphology of dendritic spines is variable in terms of their length and the width of the spine head. We therefore classified dendritic protrusions into four spine classes (stubby, mushroom, thin, and filopodia) at 2WD from cocaine (data not shown). The density of mushroom-type (119.7 Ϯ 4.0%, P Ͻ 0.01) and thin spines (120.0 Ϯ 3.4%, P Ͻ 0.01) was increased by cocaine treatment in Drd1-EGFP-positive MSNs, whereas the density of stubby (182.4 Ϯ 21.6%, P Ͻ 0.05) and mushroom spines (122.5 Ϯ 5.0%, P Ͻ 0.01) was increased in Drd2-EGFP-positive MSNs. There was no significant increase in stubby spines in Drd1-EGFP-positive neurons or of thin spines in Drd2-EGFP-positive neurons.
Chronic Cocaine Induces ⌬FosB Expression in Drd1-EGFP-or Drd2-EGFP-Positive MSNs in NAcc. ⌬FosB is a member of the Fos family of transcription factors. Whereas acute administration of cocaine induces a rapid and transient induction of several Fos isoforms in NAcc, repeated exposure to cocaine increases the level of ⌬FosB. Moreover, the increase in ⌬FosB expression persists in NAcc for weeks to months after discontinuation of drug exposure and has been suggested to be involved in longlasting regulation of gene expression, even after drug taking ceases (29, 39, 40) .
To examine the induction of ⌬FosB in NAcc from Drd1-EGFP or Drd2-EGFP mice following cocaine treatment, we analyzed FosB and GFP expression by double labeling (Fig. 4 and Table  1 ) The anti-FosB antibody recognizes all forms of FosB, but we assume that the increased immunostain represents ⌬FosB (see Methods for further discussion). In saline-treated mice, 16% of Drd1-EGFP-positive neurons and 15% of Drd2-EGFP-positive neurons expressed FosB immunoreactivity with relatively weak intensity (Fig. 4 a and b and Table 1 ). Repeated cocaine treatment followed by 2WD resulted in a significant increase in the number of Drd1-EGFP-positive neurons that coexpressed ⌬FosB (55% of GFP-positive neurons) ( Fig. 4c and Table 1) . A smaller, but still significant increase in ⌬FosB expression was found in Drd2-EGFP-positive neurons (25% of GFP-positive neurons) (Fig. 4d and Table 1 ). As with the changes in spine density, the increased expression of ⌬FosB was maintained in Drd1-EGFP-positive neurons (46% of GFP-positive neurons) but not in Drd2-EGFP-positive neurons (15% of GFP-positive neurons) after 30WD (Fig. 4 e and f and Table 1 ). Note that the increased ⌬FosB expression observed in Fig. 4f is present in Drd2-EGFP-negative neurons.
Discussion
Long-lasting adaptations in dopaminergic neurotransmission are believed to underlie addictive behaviors associated with psychostimulant drugs. In particular, psychostimulant-induced increases in dendritic spine density of MSNs in NAcc have been hypothesized to be linked to reorganization of synaptic connectivity (30) . The NAcc is largely composed of two distinct subpopulations of MSNs expressing high levels of either D1 or D2 dopamine receptors. In the present study, we have analyzed spine density in distinct D1 or D2 receptor-containing MSNs in NAcc after chronic cocaine treatment. The results obtained show that, although increased spine density initially occurs in D1 receptor-containing MSNs and D2 receptor-containing MSNs, altered spine density is stable only in D1-receptor-containing neurons. Moreover, we find a similar pattern of changes in the expression of the transcription factor ⌬FosB in D1 and D2 receptor-containing MSNs. These studies made use of BAC transgenic mice that express GFP in specific subpopulations of MSNs under the control of either the D1 or D2 receptor promoter. Moreover, we developed a double-labeling method that combined immunohistochemistry for GFP with ballistic labeling of neurons using DiI. Previous studies have used the Golgi-Cox method to analyze the effect of psychostimulants on spine density (34) , and the DiI method used here gave results that were quantitatively comparable. We developed the double-labeling method because Golgi staining is not compatible with immunohistochemistry. Immunostaining usually requires tissue permeabilization with detergents, a process that typically leads to solubilization of lipophilic dyes from the membrane (38) . However, in our current studies, GFP immunostaining did not require a high concentration of detergent for tissue permeabilization and thus could be used in conjunction with lipophilic dye labeling. Our double-labeling method should be generally useful for studies of structural changes in dendritic spines, for example when used for analysis of BAC transgenic mice lines where GFP is expressed in specific populations of neurons in cortex (36) .
Although still somewhat controversial, it is believed that D1 and D2 receptors are largely anatomically segregated to the direct (striatonigral) and indirect (striatopallidal) striatal projection neurons, respectively (17, 41) . Initial characterization of the localization of GFP in the Drd1-EGFP and Drd2-EGFP mice was consistent with this conclusion (36) . Moreover, our analysis of the number of GFP-positive neurons in NAcc from Drd1-EGFP and Drd2-EGFP mice is consistent with the conclusion that Ϸ50% of MSNs express only D1 receptors, that Ϸ35-40% express only D2 receptors, and that Ϸ10-15% coexpress both D1 and D2 receptors. This value of coexpression is similar to that implied by studies of dorsal striatum that combined patch-clamp analysis of single striatal neurons with RT-PCR techniques to isolate and amplify mRNAs (Ϸ17% coexpression of enkephalin and substance P) (42) . It should be noted that our current studies do not address the question of expression of D3, D4, and D5 receptors, nor do they address the issue of low levels of expression of D1 receptors in MSNs expressing high levels of D2 receptors or vice versa.
Several previous studies have examined the neuronal localization of psychostimulant-induced Fos expression and the role of D1 and D2 receptors (43) (44) (45) . Those studies supported the conclusion that Fos and ⌬FosB induction is mediated by activation of D1 receptors. However, the cellular localization of Fos expression is influenced by the environmental context in which psychostimulant drugs are administered (46, 47) . For example, amphetamine or cocaine given in the home cage induces immediate early genes (including Fos) preferentially in substance P-positive cells that coexpress D1 receptors. In contrast, these drugs can induce Fos expression in both D1 and D2 receptorcontaining MSNs when administered in a novel environment. The protocol used in our current studies did not include pairing drug injection with exposure to a novel environment. However, we cannot rule out some sort of context-dependent stress that is responsible for ⌬FosB expression in D2 receptor-containing MSNs.
A notable feature of the present results was the parallel pattern of increased spine density and ⌬FosB expression. Increased spine density and ⌬FosB expression initially occurred in MSNs expressing Drd1-EGFP and Drd2-EGFP. However, these changes were stable only in D1 receptor-containing neurons. One possible explanation for the observation that increased spine density and ⌬FosB expression was transiently found in D2 receptor-containing neurons is that this occurred in the small fraction of MSNs that coexpress both D1 and D2 dopamine receptors. Thus, the transient nature of these increases may be associated with antagonistic effects of D2 receptor activation on D1-dependent signaling pathways (48) . It is of interest that the changes in spine density and ⌬FosB expression were reversible, which may reflect the ability of D2 receptor-dependent signaling pathways to influence the stability of ⌬FosB.
The observation that there are parallel changes in the expression of ⌬FosB and spine density is consistent with the idea that ⌬FosB is involved in the initial formation and the subsequent maintenance of dendritic spines in D1 receptor-containing neurons in NAcc. Expression of ⌬FosB is controlled by the D1͞ DARPP-32͞PP1-dependent signaling pathway in MSNs (49) . Several studies have shown that ⌬FosB plays an important role in the rewarding and locomotor-activating actions of psychostimulants (39), likely by influencing the expression of multiple genes that include neurotransmitter receptors, signaling proteins, and proteins involved in regulation of neuronal morphology (50) . However, the specific molecular mechanisms involved in chronic cocaine-induced spine formation are not currently known. Our previous studies have shown that intraaccumbal infusion of the Cdk5 inhibitor roscovitine attenuated cocaineinduced increases in spine density (51) . Moreover, Cdk5 is a downstream target gene for ⌬FosB and has been implicated in compensatory adaptive changes associated with chronic cocaine treatment (52) . Therefore, alteration in Cdk5-dependent phosphorylation is a plausible mechanism underlying cocaineinduced spine formation and͞or spine stability. PAK (53), ␤-catenin (54), PSD-95 (55) , and spinophilin (56) are substrates for Cdk5 and are all involved in regulation of spine morphogenesis (57) (58) (59) (60) . Further characterization of these and other Cdk5 substrates in spines will hopefully shed light on the mechanisms involved in regulation of spine formation by psychostimulants.
Methods
Animals. Mice carrying an EGFP transgene under the control of either the D1 or D2 dopamine receptors were generated by the Gensat BAC transgenic project (36) . The transgenic mice used in this study were 4-5 weeks old and were on a Swiss-Webster background. Mice were maintained in a 12:12-h light͞dark cycle and housed in groups of 2-5 with food and water available ad libitum. All animal protocols were in accordance with National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Rockefeller University Institutional Animal Care and Use Committee.
Drug Treatment. Chronic cocaine treatment (30 mg͞kg, daily) was reported to produce a robust increase in the spine density of MSNs in both the core and shell of NAcc from rat, but a lower dose (15 mg͞kg) increased spine density only in the shell (61) . We therefore used the higher dose of cocaine to induce structural modification in both parts of NAcc. Mice received one injection (i.p.) of 30 mg͞kg cocaine-HCl (or saline) each day for 5 consecutive days, followed by 2 injection-free days, and this procedure was repeated for 4 consecutive weeks. Injections were carried out in the home cage. 2WD or 30WD, mouse brains were processed for DiI labeling and͞or immunohistochemistry.
Ballistic Labeling with the Fluorescent Dye DiI. Mice were anesthetized with 80 mg͞kg sodium pentobarbital and perfused transcardially with 5 ml of PBS, followed by rapid perfusion with 40 ml of 4% paraformaldehyde in PBS (20 ml͞min). Brains were quickly removed from the skull and postfixed in 4% paraformaldehyde for 10 min. Brain slices (100 m) were labeled by ballistic delivery of f luorescent dye DiI (Molecular Probes) as described in ref. 38 . A combined DiI labelingimmunohistochemistry method was developed with a low concentration of detergent. DiI-labeled sections were permeabilized with 0.01% Triton X-100 in PBS for 15 min and then incubated in 0.01% Triton X-100 and 10% normal goat serum in PBS for 1 h to minimize nonspecific labeling. Tissue sections were then incubated with 1% normal goat serum͞0.01% Triton X-100 and anti-GFP antibody (Abcam, Cambridge, MA) for 2 h at room temperature, washed, and incubated in a 1:1,000 dilution of FITC-conjugated secondary antibody (Molecular Probes). Sections were placed on microscope slides and coverslipped with mounting medium. The ballistic labeling method allowed detailed analysis of dendritic spine structure, and the results obtained were qualitatively and quantitatively comparable with previous studies using the Golgi-Cox impregnation method in rat brain slices (34) . However, in contrast to previous studies, we rarely observed two-headed spines in DiI-stained neurons. This difference may be caused by the sensitivity of staining methods or variability of mouse (this study) versus rat tissue (34) .
Immunohistochemistry. Animals were anesthetized and perfused as described above. Brains were removed and stored overnight in 4% paraformaldehyde at 4°C. Brains were transferred to 30% sucrose in PBS solution for cryoprotection. Coronal sections (12 m) were cut on a freezing microtome (Leica) and then processed for immunohistochemistry. Brain sections were then permeabilized in 0.3% Triton X-100 in PBS for 15 min and rinsed twice in PBS. The sections were preincubated in 10% normal goat serum in PBS for 1 h at 37°C, exposed to primary antibodies (diluted in 1% normal goat serum in PBS) overnight at 4°C, and then rinsed in PBS and incubated with secondary antibodies for 1 h at 37°C. The following antibodies were used: rabbit antipan-FosB (SC-48, 1:500; Santa Cruz Biotechnology), mouse anti-NeuN (Chemicon), rabbit anti-GFP, FITC-conjugated antirabbit IgG, and rhodamine-conjugated anti-mouse IgG (Molecular Probes). For triple labeling (⌬FosB, NeuN, and GFP), brain sections were first immunostained with anti-pan FosB antibody and anti-NeuN antibody and then incubated with secondary antibodies (rhodamine-conjugated anti-rabbit IgG and cyanconjugated anti-mouse IgG). Double-stained brain sections were further processed for GFP immunostaining using Zenon labeling technology (Zenon Alexa Fluor 488, Molecular Probes). The anti-pan-FosB antibody was raised to the N terminus of FosB and recognizes ⌬FosB and full-length FosB (62) . Based on previous studies that showed that ⌬FosB but not FosB or other Fos-related antigens is stably expressed after chronic cocaine treatment, we assume that the long-lasting increases in immunoreactivity represent stable expression of ⌬FosB. However, the identity of the immunoreactive FosB signal observed in salinetreated mice is unknown. Statistical analysis in Table 1 used the Student's t test.
Dendritic Spine Analysis. Individual MSNs in the NAcc were chosen for spine analysis based on several criteria. (i) There was minimal or no overlap with other labeled cells to ensure that processes from different cells would not be confused. (ii) At least three primary dendrites needed to be visible for cells to be used for analysis. (iii) Distal dendrites (terminal dendrites or close to the terminal dendrite) were examined. Dendrites from both MSNs in the core and shell of the NAcc were analyzed. Although we observed sparsely spined MSNs (spiny type II), we analyzed only densely spined MSNs (spiny type I). To calculate spine density, a length of dendrite (Ͼ20 m long) was traced by using a confocal microscope (Zeiss LSM 510) with an oil immersion lens (ϫ40). All images of dendrites were taken at different z levels (0.5-1 m depth intervals) to examine the morphology of dendritic spines. All measurements were made with META-MORPH image analysis software (Universal Imaging, Downingtown, PA). Statistical analysis used the Kolmogorov-Smirnov test.
Protrusions from dendrites were classified into four types based on their length as described in refs. 63 and 64. Class 1 protrusions, also called stubby protuberances, were Ͻ0.5 m in length, lacked a large spine head, and did not appear to have a neck; class 2, or mushroom-shaped spines, were between 0.5 and 1.25 m long and were characterized by a short neck and large spine head; class 3, or thin spines, ranged between 1.25 and 3.0 m and had elongated spine necks with small heads; class 4, or filopodial extensions, were long filamentous protrusions that lacked a discernible spine head. This work was supported by United States Public Health Service Grant DA10044 (to P.G. and A.C.N.) and by The Simons Foundation, the Peter J. Sharp Foundation, the Picower Foundation, and the F. M. Kirby Foundation.
